Purkinje fibers are an essential element of the conduction system that provides for coordinated ventricular contraction of the heart. Although classic studies established structure and electrical activities of Purkinje fibers, an integrated understanding of the Purkinje-ventricular interconnection within the working heart remains to be had. In this review article we will briefly overview the gross anatomy and cytological characteristics of Purkinje fibers and their transition to the ventricular muscle, and we will discuss functional and morphological aspects of the Purkinje-ventricular interconnection from the perspectives of electrophysiology, distribution of gap junctions, and intracellular Ca 2+ ([Ca 2+ ] i ) dynamics. Furthermore, the potential usefulness of the recently developed optical voltagemapping and in situ real-time confocal [Ca 2+ ] i imaging techniques is discussed as an integrated approach to the pathophysiological investigation of the Purkinje-ventricular interconnection in the heart.
I. Introduction
The Purkinje fibers of the heart constitute a complex network of excitable cells that orchestrates the rhythmic and coordinated ventricular contraction for efficient ejection of blood to the circulation [8, 35] . This specialized tissue was discovered by Purkinje in 1845, who first identified it macroscopically as a net of gray, flat, gelatin-like fibers on the endocardial surface of the ventricles [32] . During the following century much was clarified about the precise structure and functions of the Purkinje fibers. However, most morphological and functional studies were conducted respectively with fixed, serial sections and preparations excised mainly from the papillary muscles [52] . Therefore, no integrated understanding was gained about the structure and functions of the Purkinje fibers within the heart in situ. Recent advances in functional imaging technologies [9, 11] and their application to genetically engineered animals [29] have paved the way for elucidating the functional and morphological correlation between the Purkinje-fiber network and its underlying ventricular myocardium in more detail. In this review article, we discuss the progress in studies on Purkinje fibers, with special reference to their interconnection with the ventricular myocardium.
II. Gross Anatomy of Purkinje Fibers
The conduction system of the ventricles originates from the bundle of His followed by right-and left-bundle branches, and extends to the periphery of the subendocardial tissue as the Purkinje fibers that connect with the subjacent ventricular myocardium [8, 28, 35] . The detailed anatomical basis of this specialized conduction system was established by Tawara [45] , who demonstrated in 1906 extensive branching of the fiber network on the subendocardial layer by reconstruction from serial sections (Fig. 1) . However, the sections for histological specimens allowed visualization of only a limited number of large branches, and therefore the terminal ramifications of Purkinje fibers were not traced precisely due to their complex anatomy.
Subsequent investigators established a method for tracing peripheral Purkinje fibers to the terminal ramification by direct injection of India ink into the Purkinje fibers [1, 19, 48, 52] . This method revealed that the Purkinje fibers were distributed extensively as a subendocardial network, forming a polygonal arrangement with many separate fascicles surrounded by a perifascicular connective tissue sheath until their extension to the ventricular myocytes. Before reaching the ventricular myocytes the Purkinje fibers cross, ramify, and anastomose each other, thereby forming a threedimensional network ( Fig. 2A) [1] .
III. Cytological Properties of Purkinje Fibers
The fundamental structural difference between the Purkinje fibers and ventricular myocytes resides in their respective absence and presence of transverse (T)-tubules [38] . Even in the large (or proximal) Purkinje fibers no Ttubular system is detected. Therefore, while the sarcoplasmic reticulum (SR) of the ventricular myocyte efficiently couples with the sarcolemma of the T-tubule (interior coupling) and with the peripheral sarcolemma (peripheral coupling), the Purkinje fibers form only peripheral couplings with the SR.
The Purkinje fibers are specifically stained by periodic acid Schiff (PAS) reaction, whereas ventricular muscle fiber is not [16, 51] . This is because glycogen is more abundant in the conduction systems than in the ordinary myocytes [54] . The high glycogen content of Purkinje fibers indicates that the fibers metabolize the glycogen with anaerobic enzymes, providing greater resistance to hypoxia than is found in the ventricular myocardium [10] .
Acetylcholine esterase activity is detected in the conduction system but not in the ventricular myocardium [5] . Histochemical detection of the esterase activity by acetylthiocholine iodide (ATCHI) staining visualized the thin right-bundle branch in the mouse heart [42] . The peripheral Purkinje fibers are also stained with ATCHI in the rat heart (Fig. 2B ).
IV. Fate of the Peripheral Purkinje Fibers
The junctions between the terminal Purkinje fibers and subjacent ventricular muscle (hereafter, P-V junctions) are electrophysiologically well-defined entities, where subendocardial ventricular activation begins with a delay on the order of 5 ms after excitation of Purkinje fibers [24] . In principle, the P-V junctions reside in the subendocardial layer along their course to several fiber ramifications which contact with the subjacent ventricular fibers [52] . MartinezPalomo and Benitez [23] in 1970 found that the terminal Purkinje fibers in dog heart are followed by cells of a transitional type which make contact with the subjacent ventricular fibers. They characterized the transitional cells by (a) their subendocardial location, (b) their small diameter, (c) their absence of T-tubular systems, (d) their higher glycogen content, (e) their lack of clearly defined intercalated discs, and (f) absence of branching. Toshimori et al. [46] demonstrated in pig heart that Purkinje fibers are immunoreactive to atrial natriuretic peptide (ANP), whereas the transitional region between the Purkinje fibers and the ventricular myocytes is weakly stained and the ventricular myocytes are not stained. Scanning electron microscopic images from goat heart also distinguish the transitional cells at the P-V junctions from the neighboring cells [36] (Fig. 2C ). Electrophysiologically, the transitional cells mediate impulse propagation of the Purkinje fibers to the ventricular myocytes in rabbits and pigs [47] , and are regarded as sites of highresistance coupling between Purkinje fibers and ventricular myocardium. Such a resistive barrier between the two tissues allows for rapid propagation to the Purkinje-fiber layer on the endocardial surface and synchronized activation throughout the ventricles. However, no definite transitional cells are identified in some species; in human and bovine hearts, the Purkinje fibers gradually become smaller and eventually become similar to the ventricular myocytes at the junctions without precisely recognizable transitional cells [30] . The Purkinje fibers not only distribute on the subendocardial surface but also penetrate the ventricular muscle for varying distances, especially in large mammals [28] . These intramural fibers are arranged as a complex threedimensional network and likely contribute to a more efficient excitation of the ventricles compared with the absence of intramural fibers. 
V. Electrophysiological Aspects of PurkinjeVentricular Muscle Interconnection
The functional interconnection between Purkinje fibers and ventricular muscles has been extensively studied by microelectrode recordings of the action potentials mainly from excised preparations of papillary muscles [8, [24] [25] [26] 28] . These studies revealed that the P-V junctions have a relatively low safety factor for electrical impulse propagation, i.e., propagation between these two tissues can easily be impaired due to the relatively poor cell-to-cell coupling at the junction [50] . Conduction disturbance at P-V junctions can occur under various pathological states, especially under ischemic conditions, e.g., hypoxia, hyperkalemia, and acidosis [12] . Impairment of electrical coupling at the P-V junction provides an opportunity to create a reentrant circuit of excitation, an important substrate for the development of ventricular tachyarrhythmias [21, 34, 39] . Microelectrode recording also suggested that ventricular arrhythmias in acute ischemia arise from ectopic focal excitation within the Purkinje-fiber network of the peri-infarct zone [17] . In spite of these electrophysiological studies, precise spatiotemporal information on the activation sequence was lacking on the Purkinje-ventricular interconnection. Although recent electrical mapping techniques of the whole heart [2, 6, 9, 42] , especially fluorescent imaging with voltage-sensitive dyes [42] , have provided spatiotemporal patterns of ventricular activation, the spatial resolution of such activation mapping systems still does not permit accurate delineation of the activation pattern of the conduction system at the Purkinje-fiber network with high spatial resolution, e.g., at subcellular levels. Thus, the functional and morphological correlation of the conduction system has yet to be established in the heart in situ.
VI. Connexin Mediation of Conduction in Purkinje Fibers
Propagation of the electrical impulse is much more rapid in Purkinje fibers (2-3 m/s) than in ventricular muscle (0.3-0.4 m/s) [8] . Such differences in propagation velocity can in part be explained by the differences of intercellular coupling via connexins, a family of proteins forming gap junctions, which are important in determining impulse propagation in the heart [31] . Three distinct types of connexins, connexin40 (Cx40), connexin 43 (Cx43), and connexin 45 (Cx45), are mainly involved in impulse propagation of the heart. Of these, Cx43 is a major gap junction protein in the ventricles, whereas Cx40 is predominantly expressed in the conduction systems and atria [13, 14, 18] . Enriched Cx40 distribution in Purkinje fibers can offer less resistance to current transfer than in the ventricles, which contain more Cx43 [18] , and therefore provide a faster conduction velocity in Purkinje fibers than in ventricular muscle.
As a critical determinant of cell-to-cell communication and electrical impulse conduction, the potential role of Cx40 in the conduction system was evidenced by genetically engineered studies, i.e., null mutation of Cx40 gene. Simon et al. [37] and Kirchhoff et al. [20] demonstrated that the HisPurkinje system in Cx40 knockout (Cx40-/-) mice (Fig. 3) showed uncoordinated ventricular excitation and spatially altered propagation through the working myocardium. Analogously, Tamaddon et al. [42] also demonstrated that high-resolution optical mapping of the right bundle branch in the Cx40-/-mouse reveals slow conduction in the conduction system. Currently, it remains to be determined to what extent the peripheral Purkinje fibers and P-V junction contribute to the slowing of impulse conduction in the Cx40-/-mice.
Besides Cx40-mediated interconnection among Purkinje fibers, distribution of connexins at the P-V junctions is also an important subject of research. At the junction, heterotypic Cx40-Cx43 channels, which consist of two different hemichannels, are postulated to contribute to the propagation of the electrical impulse in the heart [49] . The intercellular coupling resistance of the Cx40-Cx43 heterotypic channels is suggested to be higher than that of the homotypic Cx43 channels.
VII. Intracellular Ca 2+ Dynamics of Purkinje Fibers
Besides the electrical activities, intracellular Ca 
([Ca
] i ) of the myocardial tissue is also important in determining the impulse generation and propagation of the heart [3] . Confocal microscopy with high spatiotemporal resolution has enabled us to visualize the precise [Ca 2+ ] i dynamics of the heart muscle cells [11] . In the ventricular myocytes, excitation-contraction coupling mediates influx of Ca 2+ through the sarcolemmal Ca 2+ channels, which triggers the release of Ca 2+ from the SR [3] . Since the SR is tightly coupled to sarcolemmal membranes that distribute throughout the T-tubules, the ventricular myocytes exhibit spatially homogeneous Ca 2+ transients under physiological conditions. On the other hand, Ca 2+ transients in Purkinje fibers initiate at the periphery of the sarcolemma, and subsequently propagate to the center of the fibers because of the lack of T-tubules [7] (Fig. 4) VIII. In Situ Interconnection of Ca 2+ Dynamics at the P-V Interface
Having established the precise morphology in the ventricular conduction system, the next focus is the functional and morphological interconnection of the Purkinje-ventricular interface in the heart in situ. The confocal [Ca 2+ ]i dynamics at the subendocardial surface of the heart delineates the precise spatiotemporal activation patterns of the Purkinje fibers and the underlying ventricular myocytes [15] . This approach reveals that the Purkinje-fiber network contributes to a syncytial function of the heart in conducting the impulse uniformly to the ventricular myocardium. Purkinje fibers exhibit spatiotemporally coordinated Ca 2+ transients in individual fibers, which closely couple with the subjacent ventricular myocytes with no discernible delay in P-V activation, indicating a syncytial function of the Purkinjefiber network in delivering the impulse to the ventricles (Fig. 5A) . Such spatiotemporal synchrony of Ca 2+ transients would suggest a mechanism to prevent inhomogeneous conduction from the Purkinje network to the ventricles leading to micro-reentrant excitation. Nevertheless, a unidirectional block can occur at P-V junctions. Hyperkalemia, a major cause of intraventricular conduction disturbances in ischemic hearts [53] , produces various patterns of conduction disturbances between Purkinje fibers and ventricular myocytes. Elevation of K + concentration from 5.4 mM to 10 mM produced an orthodromic Purkinje-to-ventricular block (a), whereas an antidromic, ventricle-to-Purkinje conduction was preserved at 10-mM K + concentration (b), i.e., a unidirectional block at P-V junctions (Fig. 5B) . This may lead to macroscopic reentrant excitation among different branches of the network, which could eventually induce reentrant tachyarrhythmias.
Abnormal [Ca 2+ ]i dynamics reflecting cardiac pathology are also detected in the Purkinje fiber network with in situ confocal microscopy. As shown in Figure 6 , intracellular propagation of wave-like [Ca 2+ ] i (i.e., Ca 2+ waves) emerges in presumably injured fibers (e.g., p1-p3), similar to the Ca 2+ waves in ventricular myocytes. In addition, some Purkinje fibers exhibit spontaneous Ca 2+ transients that are dyssynchronous to the intrinsic heart rhythm (e.g., p5). These abnormal [Ca 2+ ] i dynamics may represent intra-and intercellular bases for abnormal excitation and conduction at the Purkinje-fiber network leading to ventricular tachy- ]i dynamics between a Purkinje fiber and ventricular myocyte of the rabbit. Sarcolemmal staining of Purkinje fiber and ventricular myocytes with di-8-ANEPPS (A). Note that the Purkinje fiber is stained with di-8-ANEPPS only at the periphery of the fiber, indicating the absence of T-tubules, whereas the striations in ventricular myocytes indicate T-tubular system. Representative transverse line-scan images of Ca
2+
-dependent fluo3-fluorescence intensity from the Purkinje fiber and a ventricular myocyte (B). Note that the ventricular myocyte exhibits spatially homogeneous rise of Ca 2+ , whereas the Purkinje fiber initiates Ca 2+ transients at the periphery and propagates toward the center of the cell as indicated by asterisk. Reproduced from Cordeiro et al. [7] with permission.
arrhythmias.
Besides [Ca 2+ ] i dynamics, in situ confocal microscopy also allows us to morphologically distinguish the cell structure of the individual Purkinje fibers from the subjacent ventricular myocytes. Staining of the cell membrane with di-4-ANEPPS revealed a network of Purkinje fibers which was remarkably distinguished from the subjacent ventricular myocytes: Purkinje fibers in rat hearts were significantly thinner (approx. 6 mm in diameter) than ventricular myocytes (19 mm) and were devoid of T-tubules (Fig. 7A) . Three-dimensional representation of tissue architecture from the confocal images provides further information [40] . Stereo images of the subendocardial surface of the right ventricular septum clearly visualized 3-dimensional Purkinje-fiber ramification and the subjacent regular alignment of ventricular myocytes (Fig. 7B) .
IX. Transgenic Approaches for an Integrated Understanding of Purkinje Fibers
With the recent progress in research on cardiac development, several specific markers for the conduction system have been discovered [29] . Rentschler et al. [33] created a line of transgenic mouse where the lacZ reporter gene expression delineates the developing and mature murine cardiac conduction system, extending from the sinoatrial node to 2+ transients induced by high-K + (10 mM) perfusion. Line-scan images of Purkinje fibers (p1-p3) and the underlying ventricular myocytes (v1-v3) are shown. Corresponding electrocardiograms are illustrated on the top. Orthodromic P-V conduction is disturbed (i.e., P-V block) by 10-mM K + perfusion under atrial pacing at 2-Hz frequency (a), whereas retrograde V-P conduction is preserved (b): Ca 2+ transients in Purkinje fibers are evoked by ventricular pacing from the apex (red arrows). Reproduced from Hamamoto et al. [15] with permission. the distal Purkinje fibers (Fig. 8A) . Optical excitation mapping of the heart using a voltage-sensitive dye confirms that cells identified by the lacZ reporter gene are identical to the components of the specialized conduction system. Kondo et al. [22] also demonstrated that b-gal staining of embryonic hearts from the minK-lacZ mouse delineates the developing cardiac conduction system. More recently, Miquerol et al.
[27] created a transgenic mouse line where EGFP is expressed under the control of the Cx40 gene (Cx40 EGFP/+ mouse) (Fig. 8B) . They identified the His-Purkinje system of the adult mouse heart by EGFP expression and revealed conduction patterns by optical mappings. This mouse model could become a useful tool for simultaneous analysis for morphology and function of the His-Purkinje system. At present, it remains to be determined whether these fluorescent markers are expressed in the peripheral Purkinje fibers and P-V junction. If these markers are homogeneously expressed in the Purkinje-fiber network, such transgenic approaches could become a powerful strategy to clarify the precise structural and functional correlation of the P-V junctions.
X. Future Directions
Recent optical mapping techniques have revolutionized research on electrical activity and [Ca 2+ ]i dynamics of the conduction system and provided deeper insights into the cardiac conduction system [9] . At present, however, the voltage-sensitive dye mapping of the global activation pattern fails to provide clear discrimination between Purkinje fibers and ventricular muscles because of the low spatial resolution. On the other hand, in situ real-time confocal imaging of the conduction system provides precise images for intra-and intercellular Ca 2+ dynamics and cellular structures, but not the corresponding electrical activities, due to its relatively low temporal resolution and its difficulty in detecting tiny voltage-sensitive fluorescence. In the next decade, simultaneous application of advanced molecular probes for the membrane voltage and [Ca 2+ ]i will enable us to visualize spatially more discriminative information on the conduction system. Combined application of these techniques to the transgenic animals with specific marking for the conduction system or gap junctions will provide us with a more integrated understanding of the physiology and pathology of the Purkinje fibers in the working heart in situ.
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